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Whether CNS glial cells play an important role in the regulation of complex behaviors has been a
longstanding question. In this issue ofNeuron, Suh and Jackson demonstrate a circadian rhythmicity
in glial expression of ebony, an N-b-alanyl-biogenic amine synthase, and show that Ebony activity in
glia is essential for the proper regulation of Drosophila circadian behavior.The day/night cycle is accompanied
by profound ecological and physical
variations in the environment, such as
light intensity, temperature, and the
presence or absence of predators
and prey. Circadian clocks give an in-
nate sense of time to most organisms,
so that they can physiologically and
behaviorally cope with these daily
changes. In Drosophila, the molecu-
lar pacemaker generating circadian
rhythms is a transcriptional feedback
loop in which the Period (PER) and
Timeless (TIM) proteins inhibit their
own gene transcription (Hardin, 2006).
They do so by repressing a dimeric
transactivator comprised of Clock
(CLK) and Cycle (CYC) that positively
regulates per and tim expression. A
subtle balance between the activity of
a set of kinases and phosphatases
precisely times the subcellular locali-
zation, stability, and activity of PER,
TIM, and CLK (Hardin, 2006).
In Drosophila and mammals, many
organs express circadian clock pro-
teins to regulate specific physiological
processes. Brain clocks are particu-
larly important because they deter-
mine when animals rest or are active.
The ventral lateral neurons (LNvs) play
a crucial pacemaker role inDrosophila.
They synchronize the other circadian
neurons of the fly brain and actively
participate in the control of locomotor
activity, especially before dawn (Grima
et al., 2004; Renn et al., 1999; Stoleru
et al., 2004, 2005). The neuropeptide
PDF, secreted by the LNvs, is essential
for these functions (Renn et al., 1999).
Other groups of brain neurons (termed
LNds andDN1s) participate primarily in
the control of dusk activity (Grima
et al., 2004; Stoleru et al., 2004).However, neurons are not the only
cells of theDrosophila brain with circa-
dian rhythms. It has been appreciated
for almost two decades that glial cells
also rhythmically express PER (Siwicki
et al., 1988). Even more intriguing,
Ewer and colleagues obtained evi-
dence that (weak) rhythmic behavior
canbeobservedwhenPERexpression
is restricted to brain glia (Ewer et al.,
1992). This surprising result was
obtained after a heroic effort in which
approximately 200 per0/per+ chimeric
animals were screened for rhythmicity
and the pattern of PER brain expres-
sion determined afterward. Thus, it has
been clear for some time that glia par-
ticipate, somehow, in the control of cir-
cadian behavior inDrosophila, but their
precise roles have remained unclear.
In this issue of Neuron, Suh and
Jackson (2007) explore the role of the
ebony gene in driving the normal cycle
of circadian locomotor behavior. The
ebony gene encodes a protein with
N-b-alanyl-biogenic amine synthase
activity: purified Ebony can conjugate
b-alanine to a number of biogenic
amines, including the important neu-
romodulatory factors dopamine and
serotonin (Hovemann et al., 1998; Ri-
chardt et al., 2003). Previous work
had shown that ebony mutants have
significant defects in circadian loco-
motor behavior (Newby and Jackson,
1991) and that ebony mRNA expres-
sion exhibits circadian rhythmicity in
the Drosophila head (Claridge-Chang
et al., 2001; Ueda et al., 2002), but pre-
cisely how or where Ebony modulates
circadian behaviors had not been ex-
plored. Interestingly, the authors found
that Ebony protein appears to be ex-
clusively localized to glia in the adultNeuron 55brain, consistent with a previous study
of Ebony localization in the Drosophila
visual system (Richardt et al., 2002).
Glial expression of Ebony undergoes
dramatic changes over the course of
the day and Ebony levels cycle in step
with locomotor activity, with Ebony
levels being highest during the day
and lowest during the night. Such diur-
nal changes inEbony levelswere found
in all regions of the brain examined
and appear to be regulated by a PER/
TIM-dependent clock because diurnal
changes in Ebony levels were found
to be ablated in a timeless null mu-
tant background.How isEbony cycling
regulated? The neuropeptide PDF
does not appear to be required to syn-
chronize glial cell rhythms, suggesting
that glial rhythms might be cell (or at
least tissue) autonomous. This is sup-
ported by the aforementioned study
showing that even when glia are the
only brain cells with circadian function
(i.e., PER expression), self-sustained
behavioral rhythms in activity can be
observed (Ewer et al., 1992).
Is Ebony acting autonomously in glia
to regulate circadian locomotor behav-
ior? This appears to be the case be-
cause expression of an ebony cDNA
specifically in glia was found to be suf-
ficient to rescue ebonymutant defects
in locomotor activity rhythms. Expres-
sion of a synthase-dead version of
Ebony failed to rescuecircadianbehav-
ioral defects, indicating that rescuewas
dependent on N-b-alanyl-biogenic
amine synthase activity. Surprisingly
though, these rescue experiments
also show that cycling Ebony expres-
sion is not required for normal circadian
behavior, because Ebony was con-
stitutively overexpressed in glia. It is, August 2, 2007 ª2007 Elsevier Inc. 337
Neuron
Previewstherefore likely that other molecules
that function with Ebony in glia to mod-
ulate circadian behavior are rhythmi-
cally expressedwithEbony inglial cells.
Perhaps thesemight regulate the enzy-
matic activity of Ebony or affect dopa-
mine transport and metabolism (see
below).
In the fly brain, there are specific
morphological subtypes of glia includ-
ing those that associate with neuronal
cell bodies that reside outside the neu-
ropil (cell body glia) and those within
the neuropil (neuropil glia), the site
where axonal and dendritic processes
form the neural circuits of the CNS.
The above-described experiments ad-
dressing the autonomy of Ebony func-
tion were performed by expressing
Ebony with a driver that is constitu-
tively active in virtually all adult brain
glial subtypes, but not in neurons.
Therefore, pan-glial expression of an
ebony cDNA is sufficient to rescue
ebonymutant circadian behavioral de-
fects. However, in wild-type animals,
Ebony protein is abundant in the pro-
cesses of neuropil glia, but not in a
significant number of cell body glia or
glia in other brain regions. Moreover,
Ebony+ glial processes in the neuro-
pil appear to be in close proximity to
the neurites of both circadian and do-
paminergic neurons. Ebony therefore
appears to be expressed primarily in
neuropil glia, the very subtype that
would be predicted to interact with
(and perhaps modulate) brain synap-
ses, and in a subset of glia that could
be directly modulating neural compo-
nents of the circadian circuit. In the
future it will be exciting to determine
whether targeting Ebony expression
to these subsets of glia tightly associ-
ated with clock neurons is sufficient
for rescue of circadian locomotor be-
haviors.
Because ebonymutants are arrhyth-
mic and Ebony is expressed in proxim-
ity to the PDF+ LNvs, it would seem
plausible that ebony mutants might
have defective LNvs. However, these
cells are morphologically normal, show
robust PER and TIM oscillations, and
rhythmically secrete PDF. So if not
through modulation of the circadian
pacemaker neurons, how does Ebony
regulate circadian behavior? As men-338 Neuron 55, August 2, 2007 ª2007 Eltioned above, Ebony+ glial cells are
located in close proximity to dopami-
nergic neurons. Could Ebony directly
modulate dopamine (DA) signaling in-
stead? A Drosophila dopamine trans-
porter (dat) mutant has previously
been shown to regulate locomotor
activity, sleep, and arousal threshold
(Kume et al., 2005). Interestingly, Suh
and Jackson (2007) provide compel-
ling genetic evidence that the ebony
and dat gene products interact in
behavioral assays: ebony mutations
suppress the hyperactivity phenotype
normally observed in datmutants. Be-
cause DAT helps in terminating DA-
mediated synaptic transmission, the
authors conclude that Ebony functions
as an activator of the DA system. Be-
cause Ebony is capable of generating
N-b-alanine-dopamine (NBAD) from
dopamine, the authors propose that
NBADhas a positive biological activity,
either on the presynaptic dopaminer-
gic neurons or on the postsynaptic
neurons modulated by DA. However,
whether NBAD directly acts on dopa-
minergic (or any other type of synapse)
is currently unknown. It should also
be noted that genetic interactions
between the ebony and dat mutants
have not been explored with a circa-
dian assay; this experiment is not
possible because the ebony mutant is
arrhythmic. Thus, whether the circa-
dian effects of ebony are truly through
the modulation of DA synaptic trans-
mission still needs tobedemonstrated,
particularly because Ebony can con-
jugate b-alanine not only to DA, but
also other neurotransmitters (e.g., se-
rotonin, octopamine, histamine, and
tyramine; Richardt et al., 2003). Never-
theless, direct modulation of dopami-
nergic signaling by NBAD is a very in-
teresting possibility, and if Suh and
Jackson’s model proves correct, they
will have defined a new ‘‘gliotransmit-
ter’’ involved in the modulation of cir-
cadian behaviors and perhaps other
dopaminergic signaling events.
An alternativemodel for Ebonymod-
ulation of dopaminergic signaling is
that during synaptic activity, Ebony+
glia clear DA from the synapse, gener-
ating NBAD as part of a glial metabolic
pathway that recycles DA to presynap-
tic neurons, and that blocking NBADsevier Inc.production (in ebony mutants) sup-
presses this recycling event and ulti-
mately blocks sustained dopaminergic
signaling. Glia are certainly tightly cou-
pled morphologically and metaboli-
cally with synapses in the mammalian
CNS, and such a rapid neurotransmit-
ter recycling process through glia has
been well described at glutamatergic
synapses and is likely to be essential
for sustained glutamatergic signaling.
Whatever its mechanism of action, it
seems likely that increased NBAD or
other products of Ebony are produced
during the day when Ebony is highly
expressed, which in turn increases
the locomotor activity of the fly. If these
products are neuromodulatory com-
pounds, these glial-derived molecules
might then positively modulate the
activity of neurons downstream of the
LNvs to influence locomotor activity,
or alternatively, they might control
neurons modulating circadian behav-
ioral outputs through their effects on
arousal threshold and sleep.
Suh and Jackson (2007) have taken
a critical step toward understanding
the mechanisms by which glia influ-
ence circadian behavior by demon-
strating that the glial expression of
Ebony is crucial for robust circadian
locomotor rhythms. More refined ge-
netic studies will certainly follow to fur-
ther define the functions of Ebony and
glial cells in the generation of circadian
behaviors. For example, it would be
particularly interesting to alter geneti-
cally the pace of the circadian clock
in glial cells and determine whether
this can affect the period or phase of
Drosophila circadian behavior. A posi-
tive outcome would show that glia ac-
tively and precisely define the timing of
locomotor activity. It will also be cru-
cial to determine the role played by
glial cells in the mammalian brain
pacemaker, the suprachiasmatic nu-
cleus (SCN). Indeed, there is evidence
for glial involvement in SCN function
and circadian rhythms, and it has re-
cently been shown that astrocytes
from cerebral cortex exhibit circadian
rhythms, raising the possibility that
SCN astrocytes do so too (Prolo
et al., 2005, and references therein).
Suh and Jackson’s impressive man-
uscript represents the first definitive
Neuron
Previewsdemonstration that a glial-expressed
factor candirectlymodulate behavioral
output in animals. Future incisive stud-
ies like this one will undoubtedly teach
us that glia are tightly integrated into
many such complex brain functions.
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underlying visually evoked thalamic
bursts? This could only be answered
by technically challenging experiments
of which few laboratories are capable.
Visual signals from the retina pass
through the thalamus on the way to
cortex. In the last few years, substan-
tial support has accumulated for the
hypothesis that thalamic bursts play
a key role in sensory information pro-
cessing, especially for natural scenes.
In the earliest recordings from the vi-
sual thalamus, a distinctive recurring
burst pattern of action potentials was
noted. On the basis of in vitro experi-
ments, these bursts were later attrib-
uted to a specific ionic conductance,
the T current or low-threshold calcium
current, It. What makes this interesting
is that this current is voltage gated: it is
inactivated when cells are depolar-
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isual stimuli, suggesting distinct
racellular recordings of thalamic
ural stimuli are converted into a
ized, and deinactivated only after suffi-
ciently deep and prolonged hyperpo-
larization. Thus, if a thalamic cell is
relatively close to threshold, the chan-
nel remains inactive, and the cell will
relay one sensory input spike by one
output spike. If the same thalamic cell
is resting further from threshold, a sen-
sory input spike may fail to be relayed
at all. But if that cell has been quite
hyperpolarized, such that the calcium
channel has become active, then a
sensory input spike can trigger a large
calcium influx resulting in a stereo-
typed burst of spikes. In this way, sen-
sory information from the retina could
be faithfully rendered, blocked, or en-
hanced, depending on the previous
membrane voltage of the relay cell.
The thalamus could in theory use this
mechanism to integrate sensory and
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